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1 Abstract 
Wire Arc Additive Manufacturing is an innovative manufacturing process with great 
potential for production of large ribbed titanium aerospace components.  Based on 
well-established and trusted welding technology, the process is extremely affordable, 
characterized by its potential for high deposition rates and free of the limitations 
associated with presently utilized additive manufacturing processes. However, given 
titanium’s extreme reactivity at high temperatures, an ongoing challenge is to prevent 
atmospheric contamination during out-of-chamber material deposition. This is 
especially important during additive layer manufacturing, as surface oxidation formed 
from previous layers is readily absorbed during deposition of subsequent layers. This 
engineering thesis explores the overall sensitivity of Ti-6Al-4V components to oxidation 
contamination during out-of-chamber Wire Arc Additive Layer Manufacturing 
(WAALM). Several sample conditions were produced through various argon trailing 
shield configurations and the changes in alloying element chemistry and mechanical 
properties evaluated. Other techniques, such as sand blasting to reduce re-inclusion 
of surface oxidation, were also investigated. This work aids in determining acceptable 
levels of surface oxidation during out-of-chamber wire arc additive manufacturing. 
Irrespective of the level of surface oxidation, no significant difference in chemical or 
mechanical properties were observed between each sample condition. Overall, more 
focus needs to be placed on providing quality wire feedstock and ensuring shielding at 
the melt pool, as opposed to qualitative analysis of surface oxidation. 
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2 Introduction 
 Context 
Aerospace components are extremely expensive to manufacture. They generally 
require extensive computer numerically controlled (CNC) milling operations conducted 
on large titanium blocks to produce small parts. This technique is commonly utilized as 
it provides a final product that is mechanically sound with absolute confidence. It is 
common to have around 90% of the raw material wasted in the production of an actual 
component in addition to significant problems associated with machining and tooling 
expenses. This is quantified as the buy-to-fly ratio: the ratio between the amount of 
raw material utilized, in comparison to the final weight of the component relative to cost 
[1]. 
 
Often the ratio can be as high as 15-20 for many aerospace components. An 
alternative to this form of production is to implement an additive manufacturing 
perspective-building the component rather than subtracting material from a base block. 
The component can then be machined to a suitable final tolerance, eliminating 
substantial material waste relative to a component constructed entirely through 
subtractive manufacture. Fundamentally this means that the buy-to-fly ratio can be 
significantly reduced. Ideally, this could be brought closer to a ratio of 1 through 
significant reduction in capital and operation expenses. 
 
3D printing with metal was first seriously proposed in 1992 by Fernando Ribeiro and 
Prof. John Norrish through the utilisation of gas metal arc welding (GMAW); however, 
at this stage the process was not fully completed or understood and was essentially 
an attempt to prove the viability [2]. The core idea was to simply build an object from 
metal using sequentially layered weld passes, with additional layers building total 
thickness.  
 
Due to many inherent issues with GMAW welding at the time (including control, gas 
shielding and spatter), other forms of additive manufacturing were developed such as 
laser sintering (powder-bed AM), electron beam welding and fused deposition welding. 
These technologies could cost upwards of $160,000 USD at minimum [3], and were 
mainly suggested as a means of rapid prototyping to circumvent the limited 
mechanical, thermal and chemical properties of a prototype produced from 
thermoplastic, wax or ceramic material [3]. In doing so, design time is significantly 
reduced as prototypes can be quickly evaluated for performance and modified if 
inadequate.  
 
Due to the expense of laser sintering and electron beam welding—as well as part size 
limitations associated with vacuum chambers—some focus has been placed into 
developing and automating wire and arc additive layer manufacturing (WAALM).  
WAALM most closely resembles single-layer multi-pass welding technology, with a 
unique distribution of thermal stresses and microstructure. The resulting mechanical 
properties are strongly related to process parameters as well as the substrate 
geometry [4].  Within WAALM are two main processes: gas metal arc welding (GMAW), 
as mentioned above, and gas tungsten arc welding/tungsten inert gas welding 
(GTAW/TIG, respectively).  
 
Both processes can be configured to a variety of metal transfer modes. In relation to 
the automated production of aerospace components, a “pulsed-spray” method is 
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adopted. Pulsed-spray essentially pulses current to melt the filler wire, resulting in the 
formation of one small molten droplet for each pulse. This means that the average 
delivered current is lowered, reducing the heat input to the system, in turn reducing the 
size of the weld pool and heat affected zone (HAZ). Minimising the size of the weld 
pool enables the possibility of welding in all positions, which is integral to automating 
the production of large complex geometry.  The arc is significantly more stable in 
comparison to spray or globular deposition; however, the process must implement a 
primarily argon shielding gas and a specialized power source capable of providing 
current pulses [5, 6]. Pulsed-spray is limited in its versatility as only materials with low 
thermal conductivities are suitable; materials with high thermal conductivities require 
constant current and constant feed rate. Titanium has a low thermal conductivity, thus 
pulsed-spray is ideal.  
 
Neither of these processes (GMAW & GTAW) employ a flux coating (used in shielded 
metal arc welding), which functions to melt during the process to form a CO2 gas cloud 
and provide shielding for the weld until it cools. If no gas shielding is provided, the weld 
surface quickly oxidises with the atmosphere, introducing contaminates to the weld 
surface. Hence both methods employ a form of gas shielding to ensure that excessive 
oxidation does not occur prior to the weld dropping below a certain temperature. This 
is especially important when welding titanium due to its extreme reactivity and 
associated affinities for oxygen, carbon and nitrogen. For titanium, below 5200C the 
rate of oxidation significantly decreases [7]; however, above this temperature it is prone 
to embrittlement via diffusion of the aforementioned atmospheric elements. 
Considering that grade 2 Ti6Al4V has <0.09% O2 already present and aerospace 
welds must have <0.2% O2 present, providing sufficient shielding is considered very 
difficult. Until recently, it has been generally considered more efficient to simply remove 
the cause of oxidation completely via vacuum chamber.  
 
Vacuum chambers eliminate oxidation but introduce limits in producible part size. It is 
of great interest to determine if a simple trailing shield generally associated with 
WAALM is capable of producing parts within stringent aerospace tolerances typically 
done so within vacuum. 
 
GMAW and GTAW are primarily different due to their technical operation. GMAW has 
a consumable wire functioning as an electrode which melts along with the substrate 
material to form the weld and is generally considered much easier to automate. TIG, 
on the other hand, uses a non-consumable electrode made of tungsten in combination 
with a separate filler metal which melts in conjunction with the substrate to form the 
weld. Due to these differences, both processes have associated benefits and 
deterrents.  
 
Due to the GMAW process utilising its own wire feed as the electrode, it is very difficult 
to control; extremely prone to severe spattering; and often very unstable, resulting in 
reduced weld bead quality and overall process efficiency. The erratic arc behaviour is 
caused by the mechanism of dynamic cathode spot relocation at the molten pool as 
the cathode is consumed [8]. Approaches exist to suppress spatter and confine 
cathode spot relocation; however, these often rely on complex digital control loops 
which frequently reverse wire feed direction based on sensing arc length and thermal 
input to the weld.  [8]. This modified version of GMAW is termed Fronius cold metal 
transfer (CMT), and if all parameters are controlled (which is extremely difficult to 
implement on a major scale), CMT is capable of deposition rates up to several kg/h [9]. 
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Irrespective, GMAW generally encounters significant issues with welding in multiple 
orientations, hence complexity is limited. 
 
TIG welding processes are generally considered to require an operator, with 
automated TIG welding processes being extremely rare. This method is characterized 
by a much more stable arc and weld pool, resulting in high quality welds sufficient for 
mechanical, naval and aerospace applications. Compared to GMAW, the line speeds 
are much slower and thus the deposition rates are also reduced, currently maxing at 
around 1kg/h [8]. Irrespective of this, a trade-off between quality and time is typically 
excusable for aerospace components which are placed under the most stringent 
mechanical tolerance limits. 
 
The benefits and flexibility of WAALM are unparalleled, especially if TIG is 
implemented, but there are also inherent challenges. In addition to the serious 
oxidation issues associated with welding, the substantial heat input associated with arc 
sources produces high residual stresses [4, 9]. After many passes these residual 
stresses can manifest as noticeable distortion post-production, arising from shrinkage 
during cooling along the direction of deposition [10]. Pulsed-spray methods of metal 
transfer attempt to address this by reducing the current; however, the heat input is still 
typically huge relative to the component in production.  High residual stresses can be 
relieved by tempering or high pressure inter-pass rolling [10], whereas the effects of 
oxidation are an ongoing issue. By producing and characterising various levels of 
oxidation during out of chamber WAALM, it would be possible to determine the overall 
feasibility of such production. Currently, WAALM offers a promising alternative to 
current AM processes with high volume deposition at a fraction of the cost of laser-
based powder AM.  
 
Characterising weld oxidation is already common-place in many industrial settings, 
with experienced welding operators usually capable of determining a weld’s quality 
based purely on its macroscopic appearance. Empirical data and research does 
support this practice, with alloy surface quality and the bulk alloy composition showing 
some association [11, 12]. However, logically the diffusion of oxygen into titanium will 
occur much faster while titanium is in a molten liquid state. Assuming there is adequate 
shielding at the melt pool, solid-state diffusion should not permit serious consequences 
to the bulk alloy composition. It is expected that—providing the melt pool is protected—
oxidation will be localized at the surface with little overall effect on chemical 
composition.  
 
Understanding the importance of shielding both during and after deposition is 
becoming increasingly important as AM is moved out of chamber, especially in the 
context of titanium which has a notorious chemical affinity for oxygen [13, 14]. The 
requirements of the trailing shield are poorly understood and essentially non-existent. 
Without this basic knowledge, it is not possible to produce mechanically sound 
components with absolute confidence via WAALM. Most aerospace AM processes 
occur within vacuum chambers or suitably inert atmosphere thus it is clear how a lack 
of understanding has developed considering oxidation has never posed an issue [15].  
 
An example of a general WAALM apparatus arrangement is presented in Figure 1. 
The arrangement utilized to enable investigation into post-deposition shielding is 
presented in Figure 2, the only difference being the inclusion of a trailing shield within 
the work chamber [16]. This thesis aims to determine how the quality of shielding after 
initial deposition affects the alloy chemical composition and the resulting mechanical 
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properties. Multiple sample conditions were produced through modifications to the 
trailing shield ranging from hypothetically “idealized” shielding to no trailing shield at 
all. Studying the effect of re-melting previously developed oxide upon additional passes 
is also import. Producing two identical conditions and subjecting one to sand blasting 
after each pass allows the effectiveness of such a post-treatment to be determined—
relative to its final chemical analysis and mechanical performance. 
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Figure 1: WAALM General Arrangement 
 
Figure 2: WAALM Modified Arrangement 
 
If serious oxidation issues can be addressed, or rather the extent of acceptable 
oxidation determined, it is entirely practical to shift additive manufacture of aerospace 
parts out-of-chamber, thus enabling much larger parts to be produced. In future, buy-
to-fly ratios could be significantly improved.  
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 Objectives 
WAALM is extremely promising for the production of larger aerospace components not 
currently producible by typical additive manufacturing used in the aerospace industry. 
The most commonly used form of additive manufacturing (powder bed AM) is 
substantially limited by the requirement of a vacuum chamber and huge capital 
investment, both of which are circumvented with WAALM. However, powder bed AM 
has been proven to produce parts within aerospace tolerance, unlike WAALM.  
 
This research aims to provide vital insight into determining acceptable levels of 
macroscopic oxidation contamination if WAALM is implemented, as well as 
determining the extent of atmospheric oxidation penetration through surface material.  
Consequently, the viability of out-of-chamber manufacture in an aerospace setting can 
be determined. Microscopic examination, scanning electron microscope (SEM) 
analysis, chemical analysis and mechanical analysis support the discussion and its 
findings. The evaluation of out-of-chamber manufacturing is reliant upon determining 
the overall importance of shielding during and after deposition has occurred. 
Experimentally, different conditions are producible by varying trailing shield 
configurations, allowing various samples of macroscopic oxidation to be formed and 
their chemical and mechanical properties assessed. The effect of surface treatments 
to remove oxidation prior to additional layers is also investigated.  
 
Variation in parameter settings (wire-feed rate, line speed, power configurations etc.), 
automation, trailing shield design and any other additional measures to prevent 
atmospheric oxidation are not considered in this research.  
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3 Literature Review 
Pure titanium can exist in two phases depending on its treatment history relative to 
temperature. The overall stability of these phases is controlled through the addition of 
various alloying elements. These alloying elements generally affect the value of the β-
transus temperature. The effect of various common elements is shown in Figure 3.  
 
 
Figure 3: Phase Diagrams of Titanium for Various Alloying Elements 
The elements function to either raise or lower the β-transus temperature, where 
lowering the β-transus promotes the formation of β-phase over α-phase [17]. 
Increasing the β-transus promotes the opposite effect, instead focusing on the 
formation of α-phase. Aluminium is one example of an extremely popular α-phase 
stabilizer, as it is the only element to both raise the β-transus while maintaining suitable 
solubility in both α-phase and β-phase. Its total inclusion within titanium is generally 
limited to 6 wt. % to prevent the formation of Ti3Al precipitates within the α-phase [17].  
The stabilization of β-phase is possible through the addition of various elements such 
as vanadium, molybdenum or niobium.  
 
Based on the possible phases in which titanium can exist in, these are typically used 
to divide titanium into 3 main classes: α, β, and α+β. Depending on the quantity and 
type of alloying element additions, an overall classification can be developed based on 
the resulting total distribution of α-phase and β-phase [18]. Refer to Figure 4 for a 
graphical representation of how various titanium phases can develop while the quantity 
of α-stabilizing elements and β-stabilizing elements fluctuates.  
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Figure 4: Phase Diagram of Titanium; varying Aluminium & Vanadium 
 
This research will focus on the analysis of α+β alloys as they are commonplace in the 
aerospace industry already, offering superior ductility and strength when compared to 
purely α-alloys or β-alloys [19]. Some common titanium alloys are presented in Table 
1. Ti-6Al-4V is most popular as it also offers excellent weldability, castability, plastic 
formability and treatability. Ti-6Al-4V makes up more than 50% of titanium alloys 
produced world-wide. In aerospace applications it is utilized for engine and structural 
components which experience service temperatures less than 350oC. 
 
Table 1: Common α+β Titanium Alloys 
Commercial Name Composition Tβ 
Ti-811 Ti-8Al-1V-1Mo 1040 
TIMET 685 Ti-6Al-5Zr-0.5Mo-0.25Si 1020 
TIMET 834 Ti-5/8Al-4Sn-3.5Zr-0.5Mo-0.7Nb-0.35Si-0.06 1045 
Ti-6242 Ti-6Al-2Sn-4Zr-2Mo-0.1Si 995 
Ti-64 Ti-6Al-4V(0.20O) 995 
Ti-64 ELOI Ti-6Al-4V(0.13O) 975 
Ti-662 Ti-6Al-6V-2Sn 945 
Ti-550 Ti-4Al-2Sn-4Mo-0.5Si 975 
 
As with all materials, the mechanical performance of titanium is directly related to the 
microstructure. This microstructure is characterized by the size, distribution and 
arrangement of α-phase and β-phase present at room temperature. The overall 
microstructure usually falls into 3 categories: lamellar, equiaxed and bimodal.  
 
Lamellar microstructure results as the alloy is cooled from the β-phase region, where 
α-phase begins to nucleate at grain boundaries and protrude into the prior β-phase. 
This process is better depicted in Figure 5 [20].  
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Figure 5: Lamellar Structure Development in Titanium Alloys 
The final structure varies relative to cooling rate: a fast cooling rate produces needle-
like microstructure (known as Widmanstätten microstructure) whilst a slower cooling 
rate produces completely lamellar structure termed colony microstructure. The 
thickness of each layer within the colony microstructure depends on the cooling rate. 
Examples of both Widmanstätten and colony microstructure are presented in  Figure 
6. 
 
 
Figure 6: Titanium Lamellar Structure 
Equiaxed microstructure is generated during deformation within the α+β phase region, 
as additional energy is required to promote recrystallisation [21]. Post heat treatment, 
an equiaxed recrystallized microstructure develops and is shown in  Figure 7. 
Annealing for longer periods of time produces a coarse equiaxed structure, while the 
temperature itself determines the total primary volume fraction of α-phase.  
18 
 
 
Figure 7: Titanium Equiaxed Microstructure 
Lastly, bimodal microstructure is formed when solution treatment occurs below the β-
transus temperature. This structure is composed of equiaxed α-phase contained within 
a lamellar α+β matrix, presented in Figure 8. Essentially, the term “bimodal” is used 
as both lamellar and equiaxed microstructure is observed. 
 
 
Figure 8: Titanium Bimodal Microstructure 
The presence of varying microstructure produces disparity in mechanical performance. 
The mechanical properties relative to phases present and physical microstructure 
arrangement are presented in  Table 2 and Table 3 respectively [19]. Summarising 
Table 2, generally β-titanium has higher density due to the addition of heavy elements, 
while α+β titanium consists of two phases and thus can undergo hardening to greater 
extents. Table 3 evaluates quantitatively how equiaxed microstructures are 
characterised by excellent ductility and fatigue resistance whilst a more lamellar 
structure is favoured for its high fracture toughness and creep resistance. Bimodal 
microstructure combines the benefits of both equiaxed and lamellar, resulting in well 
balanced properties [18-21].  
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Table 2: Mechanical Properties of Titanium Alloys 
Property α α+β β 
Density + + - 
Strength - + ++ 
Ductility -/+ + +/- 
Fracture Toughness + -/+ +/- 
Creep Resistance + +/- - 
Corrosion Resistance ++ + +/- 
Oxidation Resistance ++ +/- - 
Weldability + +/- - 
Cold Formability - - +/- 
 
Table 3: Mechanical Properties of Titanium vs. Microstructure Arrangement 
Property Lamellar Equiaxed Fine Coarse 
Youngs Modulus n/a +/- n/a n/a 
Strength - + + - 
Ductility - + + - 
Fracture Toughness + - - + 
Fracture Crack Initiation - + + - 
Fracture Crack Propagation + - - + 
Creep Strength + - - + 
Super-plasticity - + + - 
Oxidation Rate + - + - 
 
The majority of studies into titanium and its uses detail its practicality in the medical 
and aerospace industries based upon its high strength to weight ratio and excellent 
corrosion resistance [22, 23]. Titanium is extremely prone to oxidation at temperatures 
above 500oC, resulting in embrittlement and substantial limitations to potential 
application. Temperatures above 500oC are inherent to any welding process, whether 
it be a small single pass or the requirement of a multi-pass arrangement for deep 
penetration. In the context of 3D printing with titanium, multiple passes in many 
directions are required. Thus, oxidation is an intrinsic problem in WAALM and as such 
is generally avoided as a means for producing any aerospace components.  It is widely 
considered that instead of GMAW or GTAW, electron beam welding (EBW), powder 
bed AM and laser beam welding (LBW) should be used, which results in a smaller 
HAZ, less porosity and more refined microstructure [24-26].  
 
In the case of producing welds this is understandable; however, due to limitations 
associated with capital cost, chamber size, and process issues, these methods are 
less useful for 3D printing. Powder bed AM/EBM is extremely limited in its overall 
application, and currently more useful for extreme-precision applications or producing 
small components such as porous orthopedic implants [27]. LBW relies on a low 
surface reflectivity which can be as high as 65-80% for most alloys; consequently, 
oxidation is in actuality considered somewhat beneficial in such an application. Despite 
decreases in toughness, the effect of surface oxidation and its reduction of surface 
reflectivity to around 30% results in significantly less energy loss [28]. Regarding 
process efficiency, LBW suffers severely if surface reflectivity is not addressed, 
resulting in major problems with surface penetration. For 3D printing, WAALM—and 
specifically GTAW—is the clear choice from an economic perspective and is most 
relevant for future industrial applications and research. Freedom of design is integral 
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to WAALM, a typical prerogative of EBM or other vacuum based powder processes 
[29].  
 
Changing engineering perspective and shifting manufacture out-of-chamber for 
titanium is essential for broadening the scope of titanium AM within industry. Industrial 
research endeavors have already commenced, including the development of “keyhole” 
welding by the Commonwealth Scientific and Industrial Research Organisation 
(CSIRO). By increasing arc pressure and modifying process parameters, it is possible 
to puncture a small hole through the root face of the host material which closes as the 
pass continues without significant oxidation [30]. In the perspective of AM, however, 
this is less relevant as there is no filler metal deposited and the HAZ is much larger.  
 
Despite the inherent issue of oxidation when dealing with welding or depositing 
titanium via GTAW, there has been surprisingly little focus on properly characterizing 
acceptable levels or suitable control methods. Attempts have been made to control 
oxidation by varying trailing shield configurations, such as utilizing a double shielding 
arrangement with pure inert argon as the inner layer shielding and Ar-CO2 as the active 
gas for the outer layer [31]. This has resulted in more protection for the electrode as 
opposed to the weld bead, where more carbon dioxide eventually dissolves into the 
melt pool from the active gas. Subsequently, the amount of oxygen in the weld metal 
increased, causing  spontaneous changes to the shape of the weld due to 
modifications in surface tension of the melt pool during solidification [31].  
 
The conclusion was drawn that a flow rate of inner argon which was too low would 
result in amplified oxidation. This is further supported by computational fluid dynamics 
(CFD) research, where a relationship between shielding conditions and oxidation on 
the bead surface is modeled [32]. In addition, the gap between the electrode and parent 
material is also extremely important. Data produced from the CFD analysis is 
presented in Figure 9. 
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Figure 9: Oxygen Content vs. Argon Flow Rate & Electrode Clearance 
Based on modelling, it was determined that a flow rate of approximately 20L/s with an 
electrode clearance of 5mm was sufficient for producing welds within tolerance. It is 
agreed that an argon flow rate between 15L/s and 20L/s produces high-quality welds 
[22, 33], and this has been utilized as a defined process parameter in testing with 
positive results. There are some discrepancies in produced weld finishes when varying 
the shielding arrangement and flow rate; this is most likely due to turbulence effects. It 
must be noted that this model did not include heat addition from the TIG torch, and 
used spectroscopy to determine chemical composition as opposed to chemical testing. 
 
Titanium is predominantly susceptible to atmospheric contamination at elevated 
temperatures, usually via oxygen, nitrogen or carbon interstitial diffusion [34, 35]. 
These three elements occupy any free interstitial lattice positions, resulting in the 
stabilization of titanium’s HCP crystal structure. It must be noted that each elements’ 
individual effects on the final mechanical properties are not equivalent. Refer to Figure 
10 for further analysis of how varying interstitial element concentrations affects key 
mechanical properties of titanium [36]. 
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Figure 10: Effect of Interstitial Elements on Mechanical Properties of Titanium 
Apart from the effects on UTS, hardness, elongation and yield strength for titanium, 
thermal stability is also strongly dependent on the bulk interstitial alloy composition. 
Inclusion of dissolved interstitial elements increases the rate at which α forms from β, 
causing damaging effect to important mechanical properties including strength, 
ductility, fatigue life and fracture toughness—that is, the β-phase decomposition 
reaction kinetics are directly proportional to interstitial atom concentration. 
 
Relative to all the potential interstitial elements, oxygen is of the greatest interest due 
to its notorious chemical reactivity with titanium at elevated temperatures. Furthermore, 
oxygen has a relatively high solubility in α-phase titanium, thus α-titanium and α+β- 
titanium are prone to embrittlement. Extensive literature already exists to detail the 
detrimental effects of oxygen on various mechanical properties of titanium including 
ductility, fatigue life, UTS and fracture toughness [37-41].  
 
As previously mentioned, titanium has an extreme affinity for oxygen when in the 
presence of atmosphere at elevated temperatures. The reaction of oxygen and 
titanium produces a passive film of TiO2; elevated temperatures cause this passive film 
to lose its effectiveness. Eventually, this allows diffusion of atmospheric elements into 
the bulk material [42-44].  
 
Oxidation of Ti-6Al-4V has been investigated in a variety of conditions [45], where 
oxidation occurring at lower temperatures forms dense oxide scale while higher 
temperatures result in porous scale. The physical characteristics of the oxidation 
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process for Ti-6Al-4V have also been investigated and are described in Figure 11. 
During the process of oxidation, a multi-layered structure of TiO2 and Al2O3 develops 
as oxygen diffuses inwards towards the oxide/metal interface (forming TiO2) while 
aluminium diffuses outwards towards the gas/oxide interface (forming Al2O3). TiO2 and 
Al2O3 layers do not have equivalent coefficients of thermal expansion; thus, as these 
layers continue to grow at different rates, eventually the oxide scale cracks at the 
oxide/metal interface. Once the oxide scale partially detaches, this produces favorable 
conditions for the formation of more TiO2, thereby initiating the fundamental cycle for 
the formation of the layered oxide structure. 
 
Figure 11: Oxidation Process of Ti-6Al-4V 
Oxidation kinetics for Ti-6Al-4V are strongly dependent on the layered oxide structure 
that develops but the physical microstructure of the titanium alloy is equally important 
[46, 47]. It has been observed that finer microstructure generally permits accelerated 
oxidation kinetics in comparison to coarser microstructure. Oxidation is permitted via 
diffusion of atmospheric elements into the titanium. Solid state diffusion occurs much 
more slowly in comparison to diffusion through a liquid, hence it is intuitively simple 
that shielding at the melt pool is vital. The rate of oxygen diffusion in titanium depends 
on the microstructure and associated orientation; specifically, higher numbers of α/β 
interfaces result in accelerated diffusion rates above 500oC.    
 
Determining the extent of oxide penetration during solid-state diffusion is of significant 
technological importance for the advancement of WAALM. Given this information, it 
would be possible to determine the suitable requirements of the trailing shield relative 
to shielding at the weld pool. Defining the amount of diffusion that has occurred is 
simply completed via microhardness testing, where an increase in oxygen 
concentration will be detected as an elevated hardness reading. Further potential for 
indirect evaluation is offered by mechanical testing, chemical analysis and observation 
with microscopes.  
 
Apart from the implementation of trailing shields, literature rarely suggests any other 
methods to reduce oxidation of titanium welds. Knowledge regarding technical 
specifics of the trailing shield arrangement are also equally rare. Furthermore, the 
methods of characterizing oxidation are always some form of spectroscopy or 
hardness testing and completely lack a physical chemical analysis [24-27, 30, 32, 33, 
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48, 49]. Most spectroscopy analyses provide a ballpark figure and can be inaccurate 
for distinguishing oxygen content; hence, they should be backed up by physical tests 
for true confidence. The hardness testing is always conducted from the surface of the 
sample to the bulk material, with most literature suggesting localized surface oxidation 
[24, 30, 33, 48, 49].  
 
Controlling oxidation for single-weld beads is much less of a task compared to control 
for multiple passes. Accordingly, literature tends to focus on titanium welding-related 
research as opposed to the potential for additive manufacture with titanium. Based on 
the literature survey, it is observed that only a limited amount of research work has 
been reported in the area of experimental characterization studies for oxidation during 
TIG welding. Research into WAALM does exist, with extensive analysis of innate 
residual stresses and thermo-mechanical behaviour of multi-layered wall structures [4, 
50]. Accurate finite element models describing residual stress profiles during cooling 
have been produced. These show the stress evolution using numerical models, 
showing that stress across the deposition is very uniform with little influence from the 
preceding layers on additional layers [4]. However, these models break down for 
simulations of larger parts where discretising the large and complex geometries 
becomes computationally expensive. 
 
It is noted that developing a deposition method that minimizes wire contamination is 
essential for the aerospace industry [50]. Specific literature regarding the 
characterization and categorization of oxidation in a titanium 3D printing application is 
essentially non-existent—especially the overall importance of shielding post 
deposition—and is the focus of this thesis.  
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4 Experimentation 
Varying oxidation conditions were produced using a wire arc additive layer 
manufacturing (WAALM) apparatus. Refer to Appendix 9.2 for an overview of the 
general arrangement. Gas tungsten arc welding (GTAW) was investigated due to its 
potential for higher quality welds and flexibility in welding orientation. The apparatus 
itself consists of an EWM Tetrix350 GTAW power source (up to 350A peak current), a 
TIG welding torch mounted such that movement is permitted in 3 dimensions, an 
automated wire-feed nozzle and most importantly a high purity argon trailing shield 
configuration. A Ti-6Al-4V baseplate was utilized, and each weld pass formed by 
maintaining a consistent line speed and feeding wire into the molten zone formed by 
the TIG torch. This process was repeated until enough material thickness exists to 
create tensile specimens, increasing the height of the torch as additional layers were 
added. Each sample condition was prepared under generalized conditions presented 
in Table 4 and Table 5 [51], with the feedstock wire as Ti-6Al-4V.  
 
Table 4: Parameter Controls 
Parameter  Setting 
Welding Line Speed  50 mm/min 
Deposition Rate  1.5m/min 
Argon Gas Flow   20L/min 
Pulsed Spray  150A-75A @ 5kHz 
Electrode  Tungsten 2.4mm  
Electrode-Weld Pass Gap  5mm 
Substrate  Ti-6Al-4V 
 
Table 5: Feed Wire Composition 
Alloying Element  wt % 
Titanium  89.96 
Aluminum  5.95 
Vanadium  4.02 
Oxygen  0.07 
 
The trailing shield was custom designed by M.J Bermingham (Representative for the 
Centre for Advanced Materials Processing and Manufacturing, University of 
Queensland), composed of a 5mm plate with consistent lamellar argon flow permitted. 
This trailing shield is mounted behind the TIG torch to provide shielding post 
deposition.  
To enable investigation into how important the trailing shield is in the production of Ti-
6Al-4V aerospace components, a total of 5 different conditions were created. Each was 
labelled condition 1 through to condition 5 and produced via slight modifications to the 
trailing shield. Refer to Table 6 for the basic processes/modifications used to produce 
each sample condition.  
Table 6: Specimen Variations & Process 
 Condition Description Basic Process 
1. Perfect 
Weld 
Silver finish, no 
oxidation. 
Complete trailing shield in a boxed 
arrangement around weld; 20L/s argon 
flow. Insignificant oxidation generated 
    
2. Intermediate 
Weld 
Blue-purple finish, 
some oxide. 
Trailing shield in a varied arrangement 
with edges reversed; 20L/s argon flow, 
26 
 
increased gap between trailing shield and 
deposited material relative to condition 1. 
    
3.  Poor Quality 
Weld; oxide 
removed via 
sand 
blasting 
after each 
pass 
Equivalent to 
oxidation produced 
in condition 4, but 
removed prior to 
additional weld 
passes. 
Trailing shield in a varied arrangement 
with edges removed; 20L/s argon flow; 
sandblasted in between each pass and 
thoroughly washed to remove sand 
particles.  
    
4. Poor Quality 
Weld 
Poor finish, brown 
oxide 
Trailing shield in a varied arrangement 
with edges removed; 20L/s argon flow. 
    
5.  No 
Shielding 
Flaky brown oxide. No trailing shield. 
 
A minimum of 3-5 passes (depending on deposition rate) is required to meet the 
requirement of gauge thickness (>10mm) for production of adequate tensile 
specimens. Each layer is generally 3 ± 0.5mm, hence 3-5 passes is usually sufficient. 
Documentation in the form of photographs of the weld surface prior to every new weld 
pass and/or conducted treatment ensures that qualitative comparison between varying 
shielding configurations is possible. The 5 specimens produced are presented in 
Figure 12 (refer to Appendix 9.1 for each individual condition).  After each weld pass, 
temperature was measured using an IR pyrometer specifically calibrated for the 
titanium in question. 
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Figure 12: Produced Tensile Specimens 
 
After completion of each condition, microscope images of each specimen were 
collected and are presented in Figure 13 - Figure 17, the included scale bar equating 
to 1mm. Polished cross section samples and small tail pieces were also collected and 
used for bulk material and surface evaluation respectively (refer to Appendix 9.3 for 
SEM apparatus configuration).  After collecting required material for visual analysis, all 
conditions were subjected to heat treatment (stress relief) for 2 hours at 480oC. The 
now heat-treated conditions 1-5 were used to produce tensile specimens, hardness 
specimens and small blocks for chemical analysis.  
 
Tensile testing involved taking the ASTM E8M standard and applying slight 
modifications to suit the limited material availability. Electrical discharge machining was 
utilized to produce tensile specimens and minimise the material lost during 
manufacture of the tensile specimens. Specific dimensions, EDM cutting orientation, 
experimental procedure and surface defects are specified in Appendix 9.4. Cutting 
orientation was designed to ensure testing was conducted in the weakest direction as 
WAALM is subject to anisotropic properties.  
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Figure 13: Perfect Shielding 
 
Figure 14: Intermediate Shielding 
 
Figure 15: Poor Shielding & Sand Blast 
 
Figure 16: Poor Shielding 
 
Figure 17: No Shielding 
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Vickers hardness testing involved following a 2.5x punch diameter spacing as per 
testing standards, with a 12 second interval and 50gm load. This testing was conducted 
across the entire cross section, with specified spacing to prevent the inclusion of strain 
hardened material. The Vickers hardness analysis allows for the characterisation of 
the oxide penetration once data was collated and reviewed. Figure 18 represents the 
implemented procedure of hardness evaluation to allow a surface plot to be produced 
where cross-sectional position was measured against hardness. Literature suggests 
that most atmospheric oxidation is localized towards the bead surface. Oxidation 
penetration was further assessed via chemical analysis conducted by an independent 
body.  
 
Figure 18: Vickers Hardness Experimental Procedure 
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5 Results 
 Tensile Testing 
Tensile testing results for each individual condition are presented in Figure 19 through 
to Figure 23. It was only possible to produce 5 individual specimens for each condition; 
this is still sufficient to provide insight into the importance of shielding post deposition. 
An averaged summary of the performance for each sample condition is offered in 
Figure 24. All tensile bars were machined with thickness parallel to the deposition 
direction and thus tested perpendicular to the build direction. 3D printed titanium is 
highly anisotropic; thus, machining and testing was completed such that analysis was 
performed in the least ductile direction.  
 
 
 
5.1.1. Individual Sample Data 
 
Figure 19: Condition 1 - Perfect Shielding Tensile Results 
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Figure 20: Condition 2 - Intermediate Shielding Tensile Results 
 
 
Figure 21: Condition 3 - Poor Shielding & Sand Blast Tensile Results 
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Figure 22: Condition 4 - Poor Shielding Tensile Results 
 
 
Figure 23: Condition 5 - No Shielding Tensile Results 
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5.1.2. Averaged Sample Data 
 
Figure 24: Collated & Averaged Tensile Results 
 
 Statistical Analysis of Tensile Testing 
Statistical analysis relative to results for each tensile test parameter (yield strength, 
UTS and elongation) is presented in section 5.2.1, 5.2.2, 5.2.3 respectively. Statistical 
analysis involved conducting a one-way ANOVA to determine if a significant difference 
exists between the average result of each condition for each tensile test parameter. 
Key parameters used in initial ANOVA analysis are presented in Table 7.  Following 
an ANOVA test to statistically evaluate significant difference between sample 
conditions, a Tukey comparison is then completed to further evaluate whether 
relationship exists between any respective condition. In order for results from the 
ANOVA and Tukey test to be relevant, it is assumed that samples within each condition 
are independent and come from a normal distribution. In brief summary based on the 
utilized parameters, any significant difference detected will be backed with a 95% level 
of confidence. 
 
Table 7: Utilized Statistics Parameters for ANOVA 
Parameters Value 
α 0.05 
Numerator DF 5 
Denominator DF 20 
Q 4.23 
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5.2.1. Yield Strength - One Way ANOVA + Tukey Comparison 
Table 8: ANOVA of Yield Strength Data 
Groups Count Sum Average Variance 
C1 5 3828 765.6 140.8 
C2 5 3880 776 713.5 
C3 5 3874 774.8 355.7 
C4 5 3821 764.2 23.2 
C5 5 3868 773.6 242.8 
 
Source of Variation SS df MS F P-value F crit 
Between Groups 607.36 4 151.84 0.514363 0.725983 2.866081 
Within Groups 5904 20 295.2    
       
Total 6511.36 24         
 
P-Value = 0.725983 > α 
Cannot reject null hypothesis, thus based on ANOVA it is impossible to conclude if a 
significant difference exists. Intuitively, these samples are physically different, so 
continue with Tukey for further evaluation despite inability to reject null hypothesis. 
 
 
Table 9: Yield - Condition 1 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C1 vs C2 10.4 32.50226 No 
C1 vs C3 9.2 32.50226 No 
C1 vs C4 1.4 32.50226 No 
C1 vs C5 8 32.50226 No 
 
Table 10: Yield - Condition 2 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C2 vs C1 10.4 39.21007 No 
C2 vs C3 1.2 39.21007 No 
C2 vs C4 11.8 39.21007 No 
C2 vs C5 2.4 39.21007 No 
 
Table 11: Yield - Condition 3 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C3 vs C1 9.2 39.21007 No 
C3 vs C2 1.2 39.21007 No 
C3 vs C4 10.6 39.21007 No 
C3 vs C5 1.2 39.21007 No 
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Table 12: Yield - Condition 4 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C4 vs C1 1.4 39.21007 No 
C4 vs C2 11.8 39.21007 No 
C4 vs C3 10.6 39.21007 No 
C4 vs C5 9.4 39.21007 No 
 
Table 13: Yield - Condition 5 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C5 vs C1 8 39.21007 No 
C5 vs C2 2.4 39.21007 No 
C5 vs C3 1.2 39.21007 No 
C5 vs C4 9.4 39.21007 No 
 
5.2.2. Tensile Strength - One Way ANOVA + Tukey Comparison 
Table 14: ANOVA of Tensile Strength Data 
Groups Count Sum Average Variance 
C1 5 4360 872 136.5 
C2 5 4385 877 1065 
C3 5 4337 867.4 440.3 
C4 5 4335 867 76 
C5 5 4402 880.4 430.3 
 
Source of Variation SS df MS F P-value F crit 
Between Groups 694.16 4 173.54 0.403938 0.803546 2.866081 
Within Groups 8592.4 20 429.62    
       
Total 9286.56 24         
 
P-Value = 0.803546 > α 
Cannot reject null hypothesis, thus based on ANOVA it is impossible to conclude if a 
significant difference exists. Intuitively, these samples are physically different, so 
continue with Tukey for further evaluation despite inability to reject null hypothesis. 
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Table 15: Tensile Strength - Condition 1 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C1 vs C2 5 39.21007 No 
C1 vs C3 4.6 39.21007 No 
C1 vs C4 5 39.21007 No 
C1 vs C5 8.4 39.21007 No 
 
 
Table 16: Tensile Strength - Condition 2 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C2 vs C1 5 39.21007 No 
C2 vs C3 9.6 39.21007 No 
C2 vs C4 10 39.21007 No 
C2 vs C5 3.4 39.21007 No 
 
Table 17: Tensile Strength - Condition 3 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C3 vs C1 4.6 39.21007 No 
C3 vs C2 9.6 39.21007 No 
C3 vs C4 0.4 39.21007 No 
C3 vs C5 13 39.21007 No 
 
Table 18: Tensile Strength - Condition 4 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C4 vs C1 5 39.21007 No 
C4 vs C2 10 39.21007 No 
C4 vs C3 0.4 39.21007 No 
C4 vs C5 13.4 39.21007 No 
 
Table 19: Tensile Strength - Condition 5 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C5 vs C1 8.4 39.21007 No 
C5 vs C2 3.4 39.21007 No 
C5 vs C3 13 39.21007 No 
C5 vs C4 13.4 39.21007 No 
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5.2.3. Elongation % - One Way ANOVA + Tukey Comparison 
Table 20: ANOVA of Elongation Data 
Groups Count Sum Average Variance 
C1 5 54.49 10.898 6.062601 
C2 5 51.114 10.2228 2.441418 
C3 5 44.631 8.9262 0.880257 
C4 5 57.267 11.4534 1.334485 
C5 5 42.106 8.4212 3.069491 
 
Source of Variation SS df MS F P-value F crit 
Between Groups 33.06421 4 8.266052 2.997498 0.043318 2.866081 
Within Groups 55.15301 20 2.75765    
       
Total 88.21722 24         
 
 
P-Value = 0.043318 < α 
Continue with Tukey Test to evaluate whether significant difference between condition 
sample means exists.  
 
Table 21: Elongation % - Condition 1 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C1 vs C2 0.6752 3.141412284 No 
C1 vs C3 1.9718 3.141412284 No 
C1 vs C4 0.5554 3.141412284 No 
C1 vs C5 2.4768 3.141412284 No 
 
Table 22: Elongation % - Condition 2 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C2 vs C1 0.6752 3.141412284 No 
C2 vs C3 1.2966 3.141412284 No 
C2 vs C4 1.2306 3.141412284 No 
C2 vs C5 1.8016 3.141412284 No 
 
Table 23: Elongation % - Condition 3 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C3 vs C1 1.9718 3.141412284 No 
C3 vs C2 1.2966 3.141412284 No 
C3 vs C4 2.5272 3.141412284 No 
C3 vs C5 0.505 3.141412284 No 
 
  
38 
 
 
 
Table 24: Elongation % - Condition 4 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C4 vs C1 0.5554 3.141412284 No 
C4 vs C2 1.2306 3.141412284 No 
C4 vs C3 2.5272 3.141412284 No 
C4 vs C5 3.0322 3.141412284 No 
 
Table 25: Elongation % - Condition 5 Tukey Test 
Comparison Difference in Means Critical Range Significant Difference? 
C5 vs C1 2.4768 3.141412284 No 
C5 vs C2 1.8016 3.141412284 No 
C5 vs C3 0.505 3.141412284 No 
C5 vs C4 3.0322 3.141412284 No 
 
 Hardness Testing 
Microhardness testing was used to evaluate the extent of oxygen diffusion for each 
sample condition. The hardness as a function of depth for Condition 1-5 is presented 
in Figure 25 through to Figure 29. Each data point represents the average of at least 
10 individual measurements, while error bars indicate standard deviations calculated 
from the sample set. Each measurement involved a 50gm load for 12 seconds and 
range from the surface of the build to 500µm deep into the specimen. Collated date is 
presented in Figure 30 and Figure 31.  
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5.3.1. Individual Hardness Data 
 
Figure 25: Condition 1 - Hardness 
 
 
Figure 26: Condition 2 - Hardness 
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Figure 27: Condition 3 - Hardness 
 
Figure 28: Condition 4 - Hardness 
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Figure 29: Condition 5 - Hardness 
5.3.2. Collated Hardness Data 
 
Figure 30: Conditions 1-5 Hardness Data Collated 
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Figure 31: Conditions 1-5 Hardness Data Collated (20µm - 160µm) 
 Chemical Analysis 
Chemical analysis was completed by an external company through ICP atomic 
emission spectroscopy and LECO combustion. All samples sent were collected from 
the middle of the build to promote insight into the bulk alloy composition as opposed 
to samples taken closer to the surface where contamination is obvious. Each 
condition’s bulk alloy composition is presented in Table 26. There is intrinsic 
uncertainty in results produced from chemical analysis, and this is obvious in the case 
of comparing wire feed stock and condition 4. Condition 4 has less oxygen content 
than original wire feedstock which is naturally unlikely under the test conditions used. 
The uncertainty is quantified as: 
 
𝐔𝐧𝐜𝐞𝐫𝐭𝐚𝐢𝐧𝐢𝐭𝐲 𝐢𝐧 𝐰𝐭. % = ±√𝐄𝐥𝐞𝐦𝐞𝐧𝐭 𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐢𝐧 𝐰𝐭. % × 𝟎. 𝟑 
 
Table 26: Conditions 1-5 Chemical Results 
Sample 
O N Al V Fe 
wt. % wt. % wt. % wt. % wt. % 
0 Wire feedstock 0.07 0.003 5.95 4.02 0.09 
1 Perfect Shielding 0.08 0.007 5.73 3.63 0.11 
2 Intermediate Shielding 0.07 0.008 5.79 3.69 0.11 
3 Poor Shield & Sand Blast 0.07 0.013 5.92 3.70 0.12 
4 Poor Shield 0.06 0.010 5.73 3.67 0.12 
5 No Shield 0.10 0.011 5.9 3.73 0.08 
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Therefore, in the case of poor shielding, the actual oxygen content within the bulk of 
the alloy can be calculated using the following rule: 
 
 
 SEM Analysis 
Scanning electron microscope images of the surface and microstructure for all 
conditions was collected and is presented in Figure 32-Figure 41. Refer to Appendix 
9.3 for an overview of the SEM apparatus used to produce each of the images. Table 
27 and Table 28 offer collated representation of all conditions (surface and 
microstructure respectively) for ease of comparison.  
5.5.1. Surface 
 
Figure 32: Condition 1 - Perfect Shielding Surface SEM 
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Figure 33: Condition 2 - Intermediate Shielding Surface SEM 
 
 
Figure 34: Condition 3 - Poor Shielding & Sand Blast Surface SEM 
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Figure 35: Condition 4 - Poor Shielding Surface SEM 
 
 
Figure 36: Condition 5 - No Shielding Surface SEM 
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Table 27: Collated Surface SEM Images 
Condition 1 
 
Condition 2 
 
Condition 3 
 
Condition 4 
 
 
Condition 5 
 
 
5.5.2. Microstructure 
 
Figure 37: Condition 1 - Perfect Shielding Microstructure SEM 
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Figure 38: Condition 2 - Intermediate Shielding Microstructure SEM 
 
Figure 39: Condition 3 - Poor Shield & Sand Blast Shielding Microstructure SEM 
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Figure 40: Condition 4 - Poor Shielding Microstructure SEM 
 
 
Figure 41: Condition 5 - No Shielding Microstructure SEM 
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Table 28: Collated Microstructure SEM Images 
Condition 1 
 
Condition 2 
 
Condition 3 
 
Condition 4 
 
 
Condition 5 
 
 
 
 
 
 Ti-6Al-4V Cooling Rate 
Cooling of each Ti-6Al-4V weld pass post deposition was evaluated using an IR 
pyrometer. Continually repeating this process was not required as results were 
consistent. Refer to Figure 4 for complete representation of the cooling process 
including cooling rate. Figure 5 indicates the variations in temperature during the first 
few seconds of cooling as the molten titanium becomes solidify.  
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Figure 42: Cooling Curve of Deposited Ti-6Al-4V 
 
 
Figure 43: Cooling Curve of Deposited Ti-6Al-4V (0-3s)  
 
 
 
 
 
  
-400
-300
-200
-100
0
100
200
600
800
1000
1200
1400
1600
1800
0 5 10 15 20 25 30
Δ
T/Δ
t 
(°C
/s)
Te
mpe
ra
tu
re
 
(°C
)
Time (s)
Ti-6Al-4V Cooling Curve
Temperature vs. Time Cooling Rate vs. Time
1600
1620
1640
1660
1680
1700
1720
1740
1760
1780
1800
0 0.5 1 1.5 2 2.5 3
Te
mpe
ra
tu
re
 
(o C
)
Time (s)
Ti-6Al-4V Cooling Curve (0s - 3s) 
51 
 
6 Discussion 
The mechanical testing results for each condition presented in Figure 24 show that 
they all successfully achieve the requirements specified in ASTM F1108 for cast Ti-
6Al-4V [1]. The exact specifications for this ASTM standard are presented in Table 29: 
a minimum yield of 758MPa, minimum UTS of 860MPa and minimum elongation of 
8%. When viewing the data graphically it is difficult to distinguish much overall 
difference between the sample conditions.  
 
Table 29: ASTM Standards for Cast and Wrought Ti-6Al-4V 
Property ASTM F11008 (cast) ASTM F1472 (wrought) 
Yield Strength >758MPa 860MPa 
UTS >860MPa 930MPa 
Elongation >8% >10% 
Reduction of Area >14% >25% 
 
No real trend can be evaluated apart from a noticeable decrease in elongation % from 
condition 3 through to condition 5. Condition 5 has the lowest elongation % at failure 
which is expected, alongside the highest UTS at failure. When comparing condition 3 
and condition 4, little difference in the mechanical properties is observed, indicating 
that the attempt to improve quality via removal of surface contamination after each 
weld pass is futile. Due to difficulty in determining any trends via graphical methods, 
statistical analysis (ANOVA followed by Tukey) was utilized. This provides a more 
robust and reliable method of determining if any true significant differences exist 
between each of the sample sets. After extensive analysis via ANOVA for each 
condition vs. the tested tensile property (yield, UTS, elongation) and Tukey testing of 
all conditions relative to each other, it was conclusively determined that no significant 
difference exists between any of the conditions for any tensile property. It must be 
noted that ANOVA and Tukey assume a normal distribution with independent samples. 
Considering that only 5 tensile samples could be produced for each condition, it is 
possible that a statistically significant difference would develop with increased sample 
size. Naturally, more samples would provide greater statistical confidence and reduce 
the amount of uncertainty.  
 
Based on all hardness results gathered (Figure 30, Figure 31), it is obvious that 
hardness at the surface is significantly greater than the hardness in the bulk of the 
material across all conditions. Conditions 1 and 2 show a hardness plateau after 
around 40µm penetration into the specimen. Conditions 3, 4 and 5 all show 
considerably higher hardness at the surface compared to conditions 1 or 2. Condition 
5 produced the greatest surface hardness which is expected considering the lack of 
trailing shield to provide protection post deposition. Similarly to tensile results, 
sandblasting failed to have any noticeable effect on hardness anywhere between the 
surface composition and bulk composition.  It should be noted that after penetrating 
150µm into the depth of each condition the hardness begins to plateau. Considering 
that no shielding and perfect shielding show similar hardness readings after 150µm, 
data supports that solid-state diffusion does not permit oxygen to reach the bulk alloy 
composition and is rather localised at the surface. This is further supported by chemical 
analysis presented in Table 26, indicating oxygen content barely varies in the bulk 
composition for any condition. Condition 5 does show 0.10 wt. %, which is interesting 
considering that solid state diffusion should not permit penetration into the bulk alloy. 
No shielding produced considerable surface oxide after each weld pass, thus it is likely 
that re-inclusion of this oxide resulted in the slightly higher wt. % oxygen. Removal of 
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this thick oxide in the no shielding case could potentially reduce the overall bulk oxygen 
interstitial content but this is speculation. Irrespective, all conditions successfully meet 
ASTM B346 Grade 5 titanium specifications by a considerable margin [52]. 
Comparison of each conditions’ chemical composition to the ASTM B346 standard is 
presented in Table 30: 
 
Table 30: Chemical Comparison of C1-C5 vs. ASTM B346 
Sample 
O N Al V Fe 
wt. % wt. % wt. % wt. % wt. % 
0 Wire feedstock 0.07 0.003 5.95 4.02 0.09 
1 Perfect Shielding 0.08 0.007 5.73 3.63 0.11 
2 Intermediate Shielding 0.07 0.008 5.79 3.69 0.11 
3 Poor Shield & Sand 
Blast 
0.07 0.013 5.92 3.70 0.12 
4 Poor Shield 0.06 0.010 5.73 3.67 0.12 
5 No Shield 0.10 0.011 5.9 3.73 0.08 
X ASTM B346 Grade 5 >0.20  5.5-6.75 3.5-4.5 >0.4 
 
Results suggest that the quality of the final product is much more strongly dependent 
on the initial composition of the wire feedstock rather than atmospheric protection after 
initial deposition. Potential factors that may contaminate the wire include any physical 
contact or even permeable tubing that is used to feed the wire feedstock. In addition 
to the wire feedstock, the purity of the argon shielding would be equally important. 
 
B.Sefer et. al discusses that oxidation obeys a parabolic relationship up to 200h before 
changing to linear after prolonged exposure times [36]. The oxidation that forms is 
often termed “α-case” in literature, with the most dominant factors in its formation being 
time, temperature and oxygen present. Gurrapa. I produced Figure 44 predicting the 
development of oxidation relative to temperature and time based on microhardness 
evaluations [53]. Assuming these predictions are relevant, the majority of oxidation 
development occurs in the first few hours or even seconds.  
 
 
Figure 44: Oxidation Thickness vs. Temperature & Time 
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Figure 42 shows that the titanium is above 1000oC for at least the first 10 seconds, 
and when compared with results presented in Figure 44 it is highly likely that the 
majority of oxidation occurred during this period. Once the component falls below 
600oC, results imply that solid state diffusion becomes difficult. 
 
SEM analysis of the microstructure reveals that there is very minor difference between 
each condition. This implies that shielding post deposition does not control the 
microstructure at all; cooling rate is responsible for microstructure as shown in various 
literature. All conditions cooled at approximately the same rate, thus the microstructure 
is expected to be equivalent across all conditions. Surface SEM, however, presents 
significant variance, particularly in condition 3, 4 and 5. Condition 1 and 2 still have 
observable microstructure although all other conditions present significant surface 
oxidation making microstructure impossible to discern. The surface oxidation present 
on condition 4 and 5 does slightly vary, with condition 5 presenting visible flaking. 
Condition 4 surface oxide is much darker and denser with no significant flaking. 
 
In hindsight of tensile testing, hardness testing, chemical analysis and SEM analysis, 
it becomes increasingly clear that shielding after initial deposition is less important than 
other factors such as the composition of the wire-feed stock. If a simple trailing shield 
arrangement is combined with high quality wire feedstock, there is nothing to suggest 
that manufacture of high quality components out of chamber is unsuitable. Hardness 
results show that oxygen diffusion is localized at the surface to approximately 150µm, 
which equates to 0.15mm. This could be easily machined away to leave the bulk alloy 
unaffected by solid state diffusion.  
 
No statistically significant difference could be determined between any of the sample 
conditions. Furthermore, the measured tensile properties were also very similar. The 
only real observable difference between each condition is the macroscopic surface 
discoloration. In an industrial application it may be difficult to re-produce the lustrous 
surface finish of condition 1; however, condition 2 is very achievable. Regardless, it 
seems somewhat irrelevant to use the surface finish to gauge the final quality of 
produced part, as all conditions achieve ASTM F1108 and ASTMB346.  
 
Rather than focusing on shielding post deposition where only solid-state diffusion can 
occur, it is more useful to focus on ensuring shielding at the melt pool is absolutely 
optimized. Diffusion through solidified titanium is limited; however, diffusion through 
liquid titanium is naturally catastrophic to the bulk composition of the alloy. If the 
welding line speed is too quick, deposited titanium is not allowed to completely solidify 
under argon shielding. This will quickly result in partialized bulk contamination in an 
out-of-chamber scenario. Determining the exact technical specifics for cooling rate of 
deposited Ti-6Al-4V would allow optimized line speeds to be established. With 
optimized line speeds, both quality and speed of production could be satisfied. 
Controlling cooling rate may be difficult if required deposition rates are high, as 
undoubtedly the heat of previous layers will extend solidification time of following 
layers. It is unknown how this could be addressed past implementation of a control 
system to limit line speed as a function of weld pool temperature. Further investigation 
into microstructure control is required to establish ways to implement faster cooling 
rates.   
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7 Conclusion 
This thesis and associated investigations centred on establishing and verifying the 
potential for out of chamber wire arc additive manufacturing in the production of large 
aerospace components.  Various trailing shield configurations were used to produce 5 
different conditions (ranging from perfect shielding to no shielding at all) such that 
chemical, mechanical and microstructural properties could be evaluated. The key 
findings include:  
 
 Regardless of trailing shield arrangement, all conditions successfully achieved 
ASTM F1108 and ASTM B346 for cast Ti-6Al-4V. 
 Surface oxidation is mainly superficial with no observable relationship to the 
bulk alloy composition, thus should not be used to gauge the quality of part 
production for out of chamber additive manufacturing. 
 Oxygen diffused no further than 150µm into each condition, strongly supporting 
the potential for taking production of larger parts out of chamber and simply 
machining a thin layer off the entire part to reveal the uncontaminated bulk 
chemistry. 
 The importance of shielding after initial deposition via trailing shield pales in 
comparison to shielding at the melt pool in production of quality parts. Focus is 
instead required on ensuring the highest quality wire-feed stock and trailing 
shield gas. 
 Further research is required into microstructural control to improve cooling rates 
without detrimental effect to mechanical properties, allowing parts to be built at 
an economically viable speed.  
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9 Appendix 
 Sample Conditions 1-5 
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 Apparatus 
9.2.1. External  
 
 
 
60 
 
9.2.2. Internal 
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9.2.3. Trailing Shield 
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 SEM Analysis 
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 Tensile Analysis 
9.4.1. Tensile Sample Dimensions 
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9.4.2. Tensile Testing 
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9.4.3. Tensile Specimen Evaluation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
